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Abstract
Roles of various organic crystals (OC), notably those containing nitrogen, on the preparation and properties 
of source materials for electroceramics are featured from the author’s own experimental studies. When OC are 
intimately mixed with metal salts like carbonates, their decomposition is accelerated, liberating the diffusing 
species at temperatures lower than usual. Mixing of OC with metal oxides under mechanical stressing results 
in anion exchange and eases diffusion of guest species. Case studies on 3 categories, i.e. i) substitution of oxy-
gen in titania with nitrogen and introduction of oxygen vacancies during co-grinding titania with urea, glycine 
and/or polytetra fluoroethylene; ii) increase in the rate of reaction of barium titanate formation via a solid 
state route by OCs with detailed process analysis with glycine as an example of OC, and iii) phase pure solid 
state synthesis of Li4Ti5O12 by mechanically activating the intermediate, Li2TiO3 with 3 amino acids as OCs.

Keywords: organic solids, mechanical stressing, ligand exchange, anion substitution, oxygen vacancy

I. Introduction
Among many aspects of organic additives in ce-

ramic processing, starting from traditional surface 
modification, surfactants, dispersing aids, coordina-
tion of organic compounds with lone pair electrons 
play a unique role on the preparation of better electro-
ceramic materials. Coordination reaction can occur in 
a solid state process by using organic crystals (OC). 

Properties of OC are categorically different from 
those of conventional inorganic crystals. In OC, each 
lattice site is occupied by a molecule, so that they be-
long to a group of molecular crystals. They are gener-
ally much softer than conventional inorganic crystals, 
primarily because of the nature of the bonding among 
the species occupying the lattice points, i.e. based ei-
ther on the van der Waals force or on the hydrogen 
bonding [1–3]. Smaller densities associated with the 
light atoms and oriented bondings are also contribut-
ing the softness of OCs. As a consequence, OCs are 
prone to deform themselves much more easily under 

mechanical stressing [4–7], as compared to conven-
tional inorganic crystals like metal oxides. The con-
sequence of crystal deformation is also very different 
between organic and inorganic crystals. While defor-
mation of crystal- or ligand fields are of primary im-
portance for inorganic crystals, both inter- and intra-
molecular energy states change in OC, due to changes 
in the large number of interatomic distances involved 
in OC [8,9]. The latter change is inevitably associat-
ed with the change in the local electron distribution. 
This, in turn, brings about symmetry loss of each in-
gredient molecule and, hence, increases the local po-
larity [10]. This further triggers charge transfer across 
the boundary between dissimilar particles. Cross 
boundary charge transfer often initiates formation of 
bridging bonds between the counterparts of the mix-
ture [11]. 

When a mixture of inorganic and organic crystals 
is mechanically stressed, deformation of a ligand field 
of inorganic crystals takes place in the presence of 
deformed organic crystals with deformed molecules. 
This leads to various unconventional phenomena like 
ligand exchange [12,13].
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In the present feature article, the authors try to sum-
marize their own works in the related topics, in an at-
tempt to find out some common basics of electroceram-
ic synthesis via a solid state route. Some case studies 
are reviewed, including anion exchange of titania at 
room temperature and low temperature synthesis of per-
ovskite compounds.

II. Modification of TiO2 by OC

2.1 Role of titania on the electroceramic syntheses
Titania is one of the most important starting materi-

als for electroceramic materials. In solid state processes 
during the preparation of titanate syntheses, it is usual 
that titania fine particles are involved in the starting re-
action mixture. It is generally accepted that divalent ion-
ic species are diffusing into a titania lattice during calci-
nation [14–16]. It is therefore of particular importance 
to use titania as fine and as active as possible, in order 
to increase the rate of diffusion and to minimize the dif-
fusion distance in order to complete the solid state reac-
tion at temperatures as low as possible. Importance of 
low temperature synthesis cannot be overemphasized to 
adapt ever increasing needs for micronization of elec-
tronic devices. Some examples are given below, ex-
tracted from the author’s latest experimental study.
2.2 Anion exchange of titania by co-grinding with 
organic crystals

When anatase fine particles were co-ground with 
OC, e.g. urea, glycine, or PTFE, the colourless starting 
materials are tinted, as recognized by representative dif-
fuse reflectance spectra [17], shown in Fig. 1. The ab-
sorbance at around 420 nm, corresponding to yellow-
ish colour for those with urea or glycine is an indication 
of partial substitution of oxygen with nitrogen [18]. A 
broad absorbance in the wide visible region was ob-
served when PTFE was added to titania was also ob-

served [17]. This is attributable to the introduction of 
two different species of oxygen vacancies with one and 
two trapped electrons and d-d transition of Ti3+. The lat-
ter suggests partial reduction of the central Ti4+ ion in 
the structural units of titania, i.e., TiO6 octahedra.

High-resolution TEM revealed selective amorphiza-
tion at the near surface region, as shown in Fig. 2, al-
though intense X-ray diffraction peaks survive even af-
ter prolonged co-grinding. Fragmentation of apparent 
primary particles was also observed. This parallels the 
downsizing of the coherent long range ordering units, 
i.e. crystallites. Near-surface amorphization as a conse-
quence of mechanical stressing also happens even with-
out additives [19,20], suggesting a possible symmetry 
loss of the TiO6 units, merely by stressing, together with 
the disordering of the octahedra. It is important to recog-
nize that nitrogen serves as an acceptor, N3-, to replace 
a part of oxygen of titania [21]. On the other hand, N–O 

Figure 1. UV-Vis diffuse reflectance spectra. A: Intact 
titania, milled for 1 h. B, C and D: Titania + glycine, 

urea and PTFE, respectively

Figure 2. Transmission electron micrographs for the mixture, titania + PTFE + urea, milled for 3 h under two different
magnifications
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substitution introduces oxygen vacancies due to charge 
compensation [22]. This is enhanced when the contact 
point between titania and OC is subjected to mechanical 
stressing, just because of amorphization of the near-sur-
face region, and forced contact as mentioned above.

All the associated phenomena, i.e. partial N–O sub-
stitution, introduction of oxygen vacancies, as well as 
partial reduction of the central titanium ion favour the 
ligand exchange around the central titanium ion, serv-
ing as a Lewis acid. Thus, a mechanochemical anion 
exchange reaction could be interpreted as a kind of au-
tocatalytic processes. In other words, introduction of ni-
trogen and oxygen vacancies might be synergetic under 
mechanical stressing.

III. Effects of OC addition on the incipient solid 
state reaction for electroceramics

3.1 Reaction initiation at lower temperatures by OC
Change in the decomposition behaviour is one of the 

most remarkable effects of OC addition to the reaction 
mixture of electroceramics, as shown in Fig. 3, where 
the decomposition temperature of Ba and Ca carbon-
ates are shown to decrease significantly by adding ny-
lon powder. This was found by chance, as we suspected 
some chemical effects of ball milling with nylon coat-
ed steel balls [23]. This aspect is discussed in more de-
tail later on. 

Based on this experimental finding, we tried to ap-
ply some N– containing OC to the reaction mixture of 
barium titanate (BT) in the hope to reduce the tempera-
ture needed to BT formation by starting from a conven-
tional reaction mixture, comprising BaCO3 and TiO2.

The mechanochemical effects of milling with the ny-
lon-coated steel balls on the mixture, BaCO3 and TiO2, 
were found to be favourable without agglomeration 
[23]. Out of a number of possible effects of milling with 
nylon balls, we suspected some chemical effects of ny-

Figure 4 Chemical shift of IR spectra of BaCO
3
 + TiO

2
 (a) 

by adding glycine (b) and subsequently
milling for 3 h (c)

Figure 5. Differential thermogravimetry profiles for the
mixture, BaCO3, + TiO2, intact (a) and by adding 

1.5 wt.% glycine and milled for 1 h (b)

Figure 3. Differential thermogravimetry profiles for carbonates decomposition: (a) BaCO3, (b) BaCO3 with 0.4 wt.% nylon, 
(c) CaCO3 and (d) CaCO3 with 0.4 wt.% nylon



186

M. Senna et al. / Processing and Application of Ceramics 4 [3] (2010) 183–191

lon, as an amide compound as well. As a matter of fact, 
we have found a positive effect of adding a water-solu-
ble protein, bovine serum albumin (BSA), and an amide 
bonded polymer like nylon, to obtain micro-particles of 
BT [24]. The principal role of these OCs is primarily the 
coordination of OCs to Ba, easing the decomposition of 
BaCO3, as revealed by IR spectra shown in Fig. 4. Com-
mon factors among these additives are relatively stable 
solids with C=O and >NH bonds to coordinate as a li-
gand to Ba2+. N-coordination was found to destabilize 
the counter-ion, CO3

2-, to ease decomposition of BaCO3 
and, hence, decreases the calcination temperature [25]. 
Therefore, glycine (GLY), one of the simplest amino 
acids, was forced as a representative OC.

Addition of GLY to the ceramic precursor was of-
ten regarded as a fuel in a combustion process with ni-
trates to obtain fine starting powders [26]. The role of 
GLY to decrease the decomposition temperature of the 
starting material, to be discussed here is entirely differ-
ent from the ideas of using GLY in ceramics process-
ing as a fuel.
3.2 Effects of GLY on reaction processes of BT 
formation

The reaction between BaCO3 and TiO2 is primarily 
described as:

BaCO3 + TiO2 → BaTiO3 + CO2↑� (1) 

The reaction is accompanied by the CO2 evolu-
tion, so that the reaction process is conveniently moni-
tored by thermogravimetry. Representative differential 
thermogravimetry (DTG) profiles are illustrated in Fig. 
5. Two important observations are: i) both of the DTG 
profiles are bimodal, and ii) the initiation temperature 
significantly decreases with the addition of an amino 
acid, glycine (GLY). Decrease in the initiation tempera-
ture is shown in Table 1.

The bimodality of DTG profiles shown in Fig. 5 can-
not be explained by assuming a single reaction path of 
equation (1). Indeed, it is well known that not all the re-
action goes simultaneously to an end, since the reaction 
front is restricted to the initial contact point between 
dissimilar particles, i.e. BaCO3 and TiO2. 

The later stage of the reaction is predominated by 
the diffusion of Ba2+ toward TiO2 through BT product 
[8], which is formally described as:

BaTiO3 + BaCO3 → Ba2TiO4 + CO2↑� (2)

Closer look at Fig. 5 reveals that the mixture with-
out GLY (sample S) exhibits a larger portion of the first 
stage of the bimodal DTG profile. 

The reaction process monitored by weight loss is 
closely related to those monitored by ex situ X-ray dif-
fractometry, as shown in Fig. 6. This indicates that the 
decomposition of BaCO3 is immediately followed by 
the quick nucleation-growth process of BT.

3.3 Relation between particle size and crystallinity of BT
Decrease in the initiation temperature of the reac-

tion toward BT is straightforwardly associated with 
the possibility of low temperature synthesis of BT. 
This is particularly beneficial for microelectronic de-
vices like multi-layered ceramic capacitor (MLCC). 
Toward this kind of technical development, howev-
er, the particle size should be kept as small as possi-
ble, while the crystallinity as high as possible. This 
is really challenging since increase in the crystallin-
ity requires elimination of lattice imperfections. This 
is achieved by increasing in the atomic mobility in the 
lattice. The same driving force, however, serves to in-
crease in the size of particles or grains as well. To sur-
mount these seemingly contradicting hurdles, we have 
to go further to elucidate the mechanisms involved. 

All the weight loss processes shown in Fig. 5 were 
terminated at temperatures below 800°C. Completion 
of the weight loss does not, however, imply the com-
pletion of BT synthesis for practical application, since 
we do need a good crystallinity. Prolonged annealing 
of the product at the temperature of weight loss com-
pletion, i.e. ca. 800°C is inadequate for the good crys-
tallinity, evaluated by the tetragonality. With an in-
crease in the calcination temperature, development of 
crystalline structure and grain growth occur simulta-
neously. We therefore need some tactic to favour a de-
crease in the lattice imperfection, while suppressing 
the grain growth. We have therefore to think at this 

Glycin [wt.%] Initial temperature [°C]

0 548

1.0 537

2.0 523

20.0 509

Table 1. Change in the reaction initiation temperature of 
barium titanate formation with the concentration

of the additive, glycine

Figure 6. Relationship between percent-reaction and
temperature reactions, determined by TG (broken line) 

and XRD (solid line) for the intact mixture (a) and
after adding 1.5 wt.% glycine and milled for 1 h (b)
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stage, whether and to what extent the difference be-
tween these processes exists.

For ferroelectric materials, of primary importance 
is their high dielectric constant value. In perovskite 
materials, the ratio of the lattice constants, c/a, called 
tetragonality, serve as the measure of high crystal-
linity. Phenomenologically, it is recognized that the 
smaller grains contain higher amount of lattice im-
perfections so that their tetragonality becomes small-
er and approaches finally to unity, where the lattice 
turns cubic. When the tetragonality is plotted against 
the grain size, general tendency is a sharp drop of c/a 
when the grain size decreases to a critical value. For 
BT samples obtained from the reaction mixture with 
GLY, however, the values are found in the upper left 
area of the plot shown in Fig. 7, indicating excep-
tionally high value of the tetragonality in spite of the 
small grain size. This is very favourable for the appli-
cation to MLCC. 
3.4 Coalescence of BT after apparent reaction completion

Fig. 8 compares the morphology of the reaction prod-
ucts at 880°C, i.e. at temperature well above the termi-
nation of the weight loss [27]. Grains obtained from the 
mixture with GLY are more spherical. We further exam-
ined microstructural differences in the samples with and 
without GLY by comparing samples quenched from 700 
and 790°C. As shown in Fig. 9 for those obtained from 
the samples quenched from 700°C, we observe two dis-
tinct particle groups, i.e. those above 100 nm and ag-
glomerated ones of about 50 nm with very fine primary 
particles. With the aid of EDX analysis, we revealed that 
the larger ones are BaCO3. Furthermore, we confirmed 
that titania agglomerates were surrounded by fine BT 
particles. These trends remained unchanged as we in-
creased the heating temperature from 700 to 790°C. Re-
maining BaCO3 particles grew up to increase the local 
compositional inhomogeneity, leading to a broader par-
ticle size distribution of BT, particularly in the case of 
sample without GLY. 

The particle size distribution was obtained from 
those micrographs and shown in Fig. 10. We note that 
the average particle size of sample with GLY was twice 
larger than those without GLY. This implies that dry 
milling with GLY accelerates not only the BT forma-
tion but also BT particle growth simultaneously.
3.5 Behaviour of GLY during calcination

Chemical states of OC change when they are inti-
mately mixed with inorganic substances like BaCO3, 
TiO2 or their mixture, due to various kinds of chemical 
interactions. This is reflected, for instance on the ther-
mal behaviour [28]. As shown in Fig. 11, decomposi-
tion of intact GLY takes place at around 245°C, while 
those mixed with inorganic solids exhibit multimod-
al DTG and DTA profiles with their peak top tempera-
ture higher than those of intact GLY. The change in the 
DTG peak is more complicated, particularly for those 
at higher temperatures, depending on the states of in-

Figure 7. Relationship between tetragonality and particle 
size of barium titanate prepared from the reactant mixture 
(a) milled with 0.5 wt.% glycine for 3 h, (b) milled for 10 h, 

(c) the mixture, BaCO3 + TiO2, intact, and (d) from 
literature (T. Yamamoto et al, Jpn. J. Appl.

Phys., 39 (2000) 5683)

Figure 8. Grain morphology of barium titanate calcined at 880°C from: (a) intact mixture and (b) the mixture milled 
with 1.5 wt.% glycine for 1 h
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organic species. Particularly noteworthy is the persis-
tence of the 48% of the organic species up to 384°C. 
Stepwise weight loss indicates decomposition of GLY, 
leaving a fraction with direct coordination to the inor-
ganic substrates. It is important to note that multimodal 
DTG peak suggests the different mode of coordination 
of GLY to Ba and Ti. 

Glycine can coordinate to metallic species by the 
lone pair electrons either of oxygen or nitrogen. In the 
case of amino acids to TiO2, N-coordination is sugges
ted based on the analyses of ESR [29]. This was also in-
ferred in Chapter 2 with respect to mechanochemical 
anion substitution. We may not exclude bridging coor-
dination of glycine to both Ba and Ti, although we do 
not have direct evidences for the time being. 

Interaction between GLY and reactants was further 
examined by XPS analysis carried out in situ by vary-
ing the temperature. As shown in Fig. 12, O1s signals 
from the mixture without GLY (GL-0) comprise oxygen 
bound to Ba and Ti. Both of these peaks shift by chang-
ing the temperature. We also observed similar chang-
es with temperature for other XPS peaks. The chemical 
shifts of Ba3d5/2 and Ti2p3/2 are plotted as a function of 
temperature in Fig. 13. We observe the plateau at tem-
peratures between 300°C and 600°C for sample GL-0. 
A plateau was observed for the sample with 9 wt.% 
GLY (GL-9) at much lower temperatures, i.e. from the 
room temperature to 300°C, together with a second one 
at the temperature range similar to that of GL-0. The lat-
ter plateau, common to GL-0 and GL-9 is most proba-
bly attributed to the change from BaCO3 to BaTiO3. No 
change similar to former, i.e. at very low temperature, 
was observed on O1sCO3 (not shown). From these obser-
vations, we suspect that GLY adsorbs preferentially on 
Ba side to change the bonding state between Ba2+ and 
CO3

2-, even at room temperature, to ease the decompo-
sition of BaCO3.

Changes in the peak shift of Ti2p3/2 are slightly dif-
ferent from those of Ba3d5/2. The plateau appeared at a 
temperature range between 400°C and 600°C for GL-0, 

Figure 9. Grain morphology of barium titanate calcined at 700°C from: (a) intact mixture and (b) the mixture milled 
with 1.5 wt.% glycine for 1 h

Figure 11 DTA curves (upper curves) and DTG curves (lower curves) 
of the samples with glycine addition of 9 wt% to the mixture, BaCO3,
+ TiO2 (GL-9), to BaCO3 (GL Ba-9) and to TiO2 (GL Ti-9). 

Figure 10. Particle size distribution of barium carbonate 
calcined from: (a)(b) intact mixture and (c)(d) the mixture 

milled with 1.5 wt.% glycine for 1 h, at (a)(c) 700°C 
and (b)(d) 790°C

Figure 11. DTA curves (upper curves) and DTG curves 
(lower curves) of the samples with glycine addition of

9 wt.% to the mixture, BaCO3 + TiO2 (GL-9),
to BaCO3 (GL Ba-9) and to TiO2 (GL Ti-9)
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ing to change the chemical states of TiO2. Both of these 
effects serve to decrease the reaction temperature to-
ward BaTiO3. 
3.6 Effects of OC on the phase pure synthesis of 
Li4Ti5O12 nanoparticles

The author’s group recently proposed a novel syn-
thetic method of fine particles of highly pure Li4Ti5O12 
with their particle size as small as 70 nm [30]. When a 
stoichiometric mixture of CH3COOLi.2H2O and anatase 
fine particles of ca 50 nm was calcined at 500°C to ob-
tain an intermediate, comprising Li2TiO3 and unreact-
ed titania. The spirit of the method is to mechanical-
ly activate the intermediate with simultaneous addition 
of some amino acids, including GLY, alanine (ALA) or  
L-phenylalanine (PHE). 

When we used ALA or PHE as an additive, micro-
scopically determined average particle size of Li4Ti5O12 
was 70 nm ± 10 nm. Mechanisms and significance of 
the present two-step calcination with mechanical acti-
vation and addition of an amino acid to the intermedi-
ate were basically attributed to the favourable change 
in the chemical states of the reactants, among others 
titania. Diffuse reflectance spectra exhibited changes 
similar to those displayed in Chapter 2, Fig. 1. Activa-
tion of the reaction mixture was also demonstrated by 
the appearance of an ESR signal, as shown in Fig. 14.

The success of the present synthesis may also be 
associated with the topotactic nature of transforma-
tion between two layer-structured species, Li2TiO3 and  

while between 200°C and 400°C for GL-9. These 
changes are in line with those for O1sTi (not shown). 
This is an indication of the positive effect of GLY upon 
heating to promote the reaction toward BaTiO3. An ap-
parent change of Ti2p3/2 are lower temperatures than 
that of Ba3d5/2 may be corresponding to the microscop-
ic observation shown in Fig. 9, where we observed ap-
parent coverage of the newly formed BaTiO3 around 
the TiO2 particles. All these in situ XPS results consis-
tently suggest that (1) GLY adsorbs at room temper-
ature to Ba to promote the decomposition of BaCO3, 
and (2) GLY serves as a reaction promoter upon heat-

Figure 12. High-temperature XPS spectra of O1s of BaCO3 
and TiO2 mixture after heating at respective

temperatures

Figure 13. Change in the in situ XPS signals, Ba3d5/2 and 
Ti2p3/2, with temperature. GL-0: without glycine, 

GL-9: with 9 wt.% glycine

Figure 14. ESR spectra obtained at microwave frequency 
9.40GHz ~ 9.45GHz, modulation width 0.32 mT. (a) TiO2

intact, (b) intermediated obtained by calcining the 
stoichiometric mixture at 500°C, (c) and

(d) Li4Ti5O12 after calcination at 700°C
starting from the intermediated milled
with glycine (c) and phenylalanine (d).

Figure 12. High-temperature XPS spectra of O1s of BaCO3 and TiO2 mixture 
after heating at respective temperatures
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